Two tests of auditory recognition memory were given to four patients with bilateral hippocampal damage (H+) and three patients with large medial temporal lobe lesions and additional variable damage to lateral temporal cortex (MTL+). When single stimuli were presented, performance was normal across delays as long as 30 sec, presumably because information could be maintained in working memory through rehearsal. When lists of 10 stimuli were presented, performance was impaired after a 5-min delay. Patients with MTL+ lesions performed marginally worse than patients with H+ lesions, consistent with findings for recognition memory in other modalities. The findings show that auditory recognition, like recognition memory in other sensory modalities, is dependent on the medial temporal lobe.
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Bilateral medial temporal lobe lesions in humans produce severe, multimodal memory impairment (Scoville and Milner 1957; Stefanacci et al. 2000) . In one study, the noted patient H.M. failed tests of recognition memory when either visual stimuli (shades of red, lights flashes, or nonsense patterns) or auditory stimuli (tones or clicks) were presented, and delays of 60 sec were interposed between study and test (Milner 1972) . After the development of one-trial tests of recognition memory for the monkey (Gaffan 1974; Mishkin and Delacour 1975) , impaired recognition memory after medial temporal lobe lesions has been observed in the visual (Mishkin 1978; Zola-Morgan et al. 1982) and tactile (Murray and Mishkin 1984; Suzuki et al. 1993) modalities. Impaired recognition memory also has been observed in rats in the visual and olfactory modalities, when tests were given that were similar to those used with the monkey (Clark et al. 2000 (Clark et al. , 2001 Otto and Eichenbaum 1992) .
Aside from early studies of patient H.M., the effects of medial temporal lobe lesions on auditory recognition memory have not been well studied. Patients with left or right unilateral temporal lobe excisions, which included the amygdala, temporal pole, anterior neocortex, and variable extents of hippocampus and parahippocampal gyrus, were impaired at recognizing novel melodies (Samson and Zatorre 1992) . However, it is unclear to what extent this impairment depended on damage specifically to the medial temporal lobe.
Preliminary studies in the monkey suggested that large medial temporal lobe lesions do impair auditory recognition memory (Fritz et al. 1999) . However, smaller lesions limited to perirhinal and entorhinal cortex had little effect (Saunders et al. 1998) , in sharp contrast with the deficit in both visual and tactile recognition memory that is found in monkeys after perirhinal and entorhinal lesions (Meunier et al. 1993; Buffalo et al. 1999) . In addition, studies of auditory recognition memory have been conducted in dogs, with delays of up to 90 sec (Kowalskaet al. 2001) . Neither lesions of the hippocampus (H), lesions of perirhinal and entorhinal cortex (Rh), nor combined lesions (H + Rh) had a detectable effect on performance. These findings raise questions about the importance of the medial temporal lobe for auditory recognition memory.
To evaluate the effect of large medial temporal lobe lesions and more limited lesions on auditory recognition memory, we tested four patients with bilateral hippocampal damage (H+) and three patients with large medial temporal lobe lesions and additional variable damage to lateral temporal cortex (MTL+). In one test, auditory recognition memory for single stimuli was assessed across delays of 2, 10, and 30 sec. In a second test, auditory recognition memory was assessed by presenting 10 different stimuli and then 5 min later testing with the 10 old stimuli intermixed with 10 new ones. 
RESULTS
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(H+), and medial temporal lobe patients (MTL+), averaging across trials with targets and trials with foils. A two-way repeated-measures ANOVA comparing the performance of the three groups across the three delays (2, 10, and 30 sec) revealed a significant effect of delay [F(2,28) = 15.7, P < 0.001] and no effect of group. A second ANOVA was conducted to assess performance on trials when a target was presented and on trials when a foil was presented. This analysis found no effect of trial type [F(1,14) < 1.0] and an interaction of delay x trial type. Specifically, within each group performance on target trials tended to decrease as a function of delay, whereas performance on foil trials tended to remain constant across the delays. Figure 2 shows percentage correct scores (averaging across target trials and foil trials and across the three tests) for the controls (CON), hippocampal patients (H+), and medial temporal lobe patients (MTL+). Because the three patients in the MTL+ group scored within 1% of each other, nonparametric statistics were used for the first analysis and the related pairwise comparisons. A Kruskal-Wallis ANOVA revealed a significant effect of group (P < .02). Pairwise comparisons revealed that the MTL+ group was impaired relative to the CON group (P < .05) and marginally impaired relative to the H+ group (P < .06). In addition, the H+ group was marginally impaired relative to the CON group (P < .06). The two patients thought to have the most restricted damage within the medial temporal lobe (A.B. and L.J.) both performed poorly (A.B., 56% correct; L.J., 59% correct). Finally, although both patient groups performed poorly, they did score above chance (t > 3.9; P > .05). A second (twoway) ANOVA to assess performance as a function of trial type (targets vs. foils) revealed no effect of trial type [F(1,32) = 1.9; P > 0.10] and no interaction of trial type x group [F(2,32) < 1.0].
Lists
DISCUSSION
Two tests of auditory recognition memory were given to four patients with hippocampal damage, and three patients with large medial temporal lobe lesions and additional variable damage to lateral cortex. In test 1, participants listened to a sound and then after a delay of 2, 10, or 30 sec judged whether a second sound was the same as or different from the first sound. Both patient groups performed normally. In test 2, 10 sounds were presented and then after a 5-min delay participants judged whether each of the 20 sounds had just been presented. Both patients groups were impaired.
The finding of good performance in test 1 when single sounds needed to be remembered across a delay likely reflects the fact that single sounds could be held effectively in working memory during the relatively short delays (2-30 sec) that were tested. In these conditions, performance might be supported by auditory association cortex, perhaps in cooperation with prefrontal cortex. Patient H.M. did show impaired recognition on a similar test for single audi- 
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www.learnmem.org tory stimuli, but performance was rather good after a 30-sec delay (about two errors in 12 trials, whereas controls averaged only one error), and performance was severely impaired only at a 60-sec delay (∼4.5 errors in 12 trials ; Milner 1972) . Furthermore, for the tests given to H.M., five different values were assigned to each type of stimulus, to reduce the possibility that rehearsal could be used to bridge the retention interval. In contrast, in the tests we used each stimulus was unique, there was a minimum of intrastimulus interference, and verbal rehearsal could have helped bridge the delay intervals. Nevertheless, it is possible that an impairment would have emerged if testing had been extended to 60 sec. The finding of poor recognition performance in test 2 confirms what was described originally for patient H.M., namely, that auditory recognition memory depends on the integrity of the medial temporal lobe. In addition, the present findings show that damage limited to the hippocampal region is sufficient to impair auditory recognition. It is also noteworthy that the effects of large medial temporal lobe lesions were even greater than the effects of hippocampal lesions. This pattern of results has been observed repeatedly in studies of recognition memory in monkeys, in which the deficit associated with restricted hippocampal lesions is exacerbated by additional damage to adjacent cortex (ZolaMorgan et al. 1994) . Similarly, in studies of human amnesia, large medial temporal lobe lesions consistently produce a more severe recognition memory impairment than restricted hippocampal lesions (Hamann and Squire 1997; Buffalo et al. 1998; Stark and Squire 2000) .
Studies in monkeys (Saunders et al. 1997 ) and dogs (Kowalska et al. 2001) suggested that lesions limited to the perirhinal and entorhinal cortex of the medial temporal lobe spare auditory recognition memory. This finding may be understandable in the light of the neuroanatomy of auditory processing. Auditory cortical areas, for example, the superior temporal gyrus, reach the medial temporal lobe mainly by way of projections to area TH of the parahippocampal cortex and, except for its polar portion (area 36d), reach perirhinal cortex only indirectly (Suzuki and Amaral 1994) . Suzuki and Amaral (1994) note the strong projections from auditory association areas of the superior temporal gyrus to area TH and suggest that area TH particularly may be involved in auditory memory function. Thus, lesions of more anterior medial temporal lobe cortex that spare parahippocampal cortex might be expected to spare auditory recognition. In this respect, the anatomy of auditory recognition memory differs from the anatomy of visual recognition memory. Visual cortical areas project especially to perirhinal cortex (Suzuki and Amaral 1994) , and damage to perirhinal cortex impairs visual recognition memory (Meunier et al. 1993; Buffalo et al. 1998) .
The perirhinal and parahippocampal cortices originate projections to the entorhinal cortex and the hippocampus.
The present results show that damage to the hippocampal region, which is at the end of this processing hierarchy, also impairs recognition memory. Restricted hippocampal lesions have been found to impair recognition memory in adult-onset amnesia (Reed and Squire 1998; Manns and Squire 1999) , in monkeys , and in rodents (Clark et al. 2000 ; for discussion of these results as well as negative findings, see Brown and Aggleton 2001; Manns and Squire 2001a) . In the case of auditory recognition memory, damage limited to the hippocampal region in dogs had no effect on auditory recognition (Kowalska et al. 2001) . However, as the authors point out, recognition was evaluated only at relatively short delays (up to 90 sec). It is possible that testing after longer delays or after the presentation of lists of sounds (as in the present study) would have revealed an impairment.
In summary, the present study shows the importance of both the hippocampal region and adjacent cortical structures for auditory recognition memory. These findings thereby strengthen the conclusion that the memory impairment associated with medial temporal lobe amnesia is multimodal. They also extend to the auditory modality the finding that lesions limited to the hippocampal region impair recognition memory.
MATERIALS AND METHODS
Patients
Two groups of patients were studied (Table 1 ). The first group consisted of three males (E.P., G.P., and G.T.), who developed profound anterograde and retrograde amnesia after herpes simplex encephalitis. They have extensive bilateral temporal lobe lesions as well as variable damage to anterolateral temporal cortex (MTL+). Within the medial temporal lobe, the lesions included, bilaterally, the hippocampal region (CA fields, dentate gyrus, and subiculum), the entorhinal cortex, the perirhinal cortex, the parahippocampal cortex, and the amygdaloid complex (see Figs. 1-3 , Schmolck et al. 2000; Stark and Squire 2000) .
The second group (H+) consisted of four patients (A.B., H.C., L.J., and P.H.). The damage in this group involved the hippocampal region and for H.C. and P.H. some additional damage to the parahippocampal gyrus (for more detail, see Manns and Squire 2001b) . A.B. became amnesic after an anoxic episode in 1976. He is unable to participate in magnetic resonance imaging (MRI) studies but is presumed to have circumscribed hippocampal damage as a result of this etiology (Cummings et al. 1984; Rempel-Clower et al. 1996) . H.C. underwent a right parietal craniotomy to evacuate a right occipital and parietal hematoma after a ruptured arteriovenous malformation. MRI showed reduced size of the hippocampal region (27%) and parahippocampal gyrus (25%), which is thought to have occurred as a result of the ischemia associated with the rupture. L.J., the only female, became amnesic with no known precipitating event during a six-month period beginning in late 1988. Her memory impairment has remained stable since that time. MRI has identified that the hippocampal region is reduced in area 46% bilaterally. P.H. had a six-year premorbid history of 1-2-min attacks (presumably of epileptic origin) in association with gastric symptoms and transient memory impairment. In 1989, he suffered a Squire et al.
series of small attacks that resulted in marked and persisting memory impairment. MRI shows a 30% reduction in the size of the hippocampal region bilaterally and a 30% reduction in the size of the parahippocampal gyrus.
Controls
The participants in the control group were employees or volunteers at the San Diego Veterans Affairs Medical Center, or were recruited from the retirement community of the University of California, San Diego or through an ad in the local newspaper. In test 1 (Delays), 10 participants (four males and six females) were matched to the patient groups with respect to age and education (mean age, 65.0 yr; range, 55-76 yr; mean education, 15.3 yr, range, 12-18 yr) . In test 2 (Lists), the same 10 participants from test 1 and two additional participants (a total of six males and six females) were matched to both patient groups with respect to age and education (mean age, 64.6; range, 55-76 yr; mean education, 15.4 yr; range, 12-18 yr) .
Materials
The materials consisted of 216 sounds, drawn from a large set graciously provided by J. Fritz and M. Mishkin (NIMH) . The sounds were synthetic, including single tones, short novel melodies, harmonies, gurgling sounds, and chimes. Each sound was 2-3 sec in length. All participants were seated in front of a laptop computer, and the sounds were presented through a set of headphones. The volume was adjusted individually so that each participant could comfortably hear the sounds.
Procedure
Test 1 (Delays)
The test session consisted of 144 trials. On each trial, participants heard a sound and then heard a second sound 2, 10, or 30 sec later.
Half of the time, the second sound had just been presented, and half of the time it was new. The computer screen indicated the phase of the trial, that is, whether the participant should be listening to the first sound, waiting during the delay, or listening to the second sound. When the second sound was presented, the participant pressed one of two keys to indicate whether the sound was the same as or different from the first sound. Across participants, sounds were about equally likely to appear in each delay condition and about equally likely to appear as a target or a foil. The test session consisted of 18 eight-trial blocks. All eight trials within each block were assigned to the same delay condition (2, 10, or 30 sec). Thus, six blocks (48 trials) were assigned to each delay. Blocks of trials at each delay were intermixed such that no two delay conditions were presented consecutively. The experimental session took ∼1 hr.
Test 2 (Lists)
Test 2 was administered in a similar way to test 1, except that participants listened to 10 sounds, separated by a 500-msec interval. After a 5-min delay, testing proceeded with 20 sounds, 10 targets, and 10 foils. For each sound, participants pressed a key to indicate whether the sound had been presented earlier. Controls completed three separate study-test sequences within a single session, for a total of 60 test trials (30 with targets and 30 with foils). The patients completed two sessions and received six study-test sequences for a total of 120 test trials (60 with targets and 60 with foils). Finally, across participants, the sounds were equally likely to appear as a target or a foil. The sounds were taken from the same set of sounds used in test 1. The experimental session took approximately one-half hour.
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The WAIS-III and the WMS-R indices yield a mean score of 100 in the normal population with a standard deviation of 15. The WMS-R does not provide scores for individuals who score below 50. Therefore, the six scores below 50 were scored as 50 for calculating the group mean. WAIS-III, Wechsler Adult Intelligence Scale-III (Wechsler 1981); WMS-R, Wechsler Memory Scale-Revised. MTL+, patients with large medial temporal lobe lesions and variable damage to the anterolateral temporal lobe; H+, patients with damage limited to the hippocampal region and, for H.C. and P.H., some additional damage to parahippocampal gyrus.
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